Background: MODY-NEUROD1 is a rare form of monogenic diabetes caused by mutations in Neuronal differentiation 1 (NEUROD1). Until now, only a few cases of MODY-NEUROD1 have been reported worldwide and the real contribution of mutations in NEUROD1 in monogenic diabetes and its clinical impact remain unclear. Methods: Genomic DNA was isolated from peripheral blood lymphocytes of 25 unrelated Brazilians patients with clinical characteristics suggestive of monogenic diabetes and the screening of the entire coding region of NEUROD1 was performed by Sanger sequencing. Results: We identified one novel frameshift deletion (p.Phe256Leufs*2) in NEUROD1 segregating in an autosomal dominant inheritance fashion. Almost 20 years after the first report of NEUROD1-MODY, only a few families in Europe and Asia had shown mutations in NEUROD1 as the cause of monogenic diabetes. Conclusion: To our knowledge, we described the first case of NEUROD1-MODY in a Latin American family. K E Y W O R D S diabetes mellitus, MODY, MODY6, monogenic diabetes, NEUROD1
| INTRODUCTION
Neuronal differentiation 1 (NEUROD1 -Gene ID: 4760 -OMIM *601724), also known as BETA2, encodes a basic helix-loop-helix (bHLH) transcription factor that heterodimerizes with the ubiquitous bHLH protein E47 and regulates insulin gene (INS) expression through binding to its E-box motif promoter (Naya, Stellrecht, & Tsai, 1995) . In 1999, mutations in NEUROD1 were associated to early onset type 2 diabetes mellitus (DM) in two European descendent families inherited in an autosomal dominant fashion for the first time (Malecki et al., 1999) , being further classified as maturity-onset diabetes of the young type 6 (MODY6; OMIM #606394) (Fajans, Bell, & Polonsky, 2001) . Almost 20 years after the first report, only a few families in Europe (Ağladıoğlu et al., 2016; Gonsorčíková et al., 2008; Kristinsson et al., 2001; Szopa et al., 2016) and Asia (Ang et al., 2016; Chapla et al., 2015; Doddabelavangala Mruthyunjaya et al., 2017; Horikawa et al., 2018; Liu et al., 2007) had shown mutations in NEUROD1 as the cause of diabetes.
Epidemiological studies of monogenic diabetes are scarce in multiethnic populations, such as Brazilian. This population is very diverse and comprises individuals of multiple ethnic backgrounds and racial admixture, especially Caucasians and Afro-descendants. Studies aiming the rare forms of monogenic diabetes are needed in a mixed population and, to the best of our 2 | MATERIALS AND METHODS
| Ethical compliance
The Ethics and Research Committee of the Clementino Fraga Filho University Hospital approved this study protocol (No. 70238) . All participants were informed about the aim of this study and provided verbal and written consent according to Helsinki Declaration.
| Patients
In this cross-sectional observational study, we selected 25 unrelated Brazilian probands negative for GCK or HNF1A, HNF4A, and HNF1B mutations. The inclusion criteria were age at onset ≤35 years, BMI (body mass index) <30 kg/m 2 or 95th percentile at the diagnosis; a positive family history of diabetes in at least two generations; negative β-cells anti-glutamic acid descarboxylase (anti-GAD) and anti-IA-2 autoantibodies. We excluded patients with type 1 diabetes, history of diabetic ketoacidosis, clinical signs of insulin resistance, and presence of secondary causes of diabetes.
| Molecular screening
Genomic DNA was isolated from peripheral blood leukocytes using QIAamp DNA Blood Mini Kit (Qiagen) and from the family members who accepted to participate in this study, we extracted genomic DNA from buccal epithelial cells (Aidar & Line, 2007) . The screening of the entire coding region of NEUROD1 was carried out by amplification of two overlapping fragments using two pairs of primers (primers available upon request; RefSeq NG_011820.2, NM_002500.4 and NP_002491.2). Polymerase chain reaction (PCR) products were purified by Clean Sweep PCR Purification Reagent (Applied Biosystems) and bidirectional Sanger sequencing was performed using the Big Dye Terminator Kit v3.1 (Applied Biosystems), conducted on an ABI 3130 Automatic Genetic Analyzer (Applied Biosystems).
| RESULTS
The entire coding region of NEUROD1 was screened in a cohort of 25 unrelated Brazilian patients with clinical suspicious of monogenic diabetes (10 males and 15 females; average age at diagnosis: 22.68 ± 8.9 years; BMI average: 24.8 ± 4.54 kg/m 2 ), previously tested and negative for mutation in GCK, HNF1A, HNF4A, and HNF1B (data not published).
We detected one novel frameshift deletion of two thymine resulting in a change from phenylalanine to leucine in the position 256 of the protein, followed by a premature stop codon (p.Phe256Leufs*2). This deletion was not seen in the remaining 24 patients and in ClinVar, dbSNP, HGMD®, ExAC Browser, GnomAD, 1000 Genomes project databases, and in the literature. Mutation Taster predicted p.Phe256Leufs*2 to be the disease-causing mutation (score 1). The mutation is located in the transactivation domain, a highly conserved domain across several species (Figure 1 ).
The p.Phe256Leufs*2 mutation was found in a Brazilian family segregating in an autosomal dominant pattern from the maternal side ( Figure 2 ). The index case is a 33 years old man who was diagnosed with diabetes at 25 years of age after some months of polyuria, polydipsia, and weight loss of approximately 10 kg (BMI at diagnostic: 28.9 kg/m 2 ). He was included in this study at 30 years with mean fasting glucose of 137 mg/dl and glycated hemoglobin (HbA1c-HPLC) of 7.5% (HbA1c at diagnosis: 6.5%). He presented no diabetic microvascular complications such as retinopathy (normal fundoscopy), diabetic renal disease (normal renal ultrasound and negative microalbuminuria), and neuropathy after 8 years of manifestation of disease.
At diagnosis, the index case was treated with metformin 2 g/day. One month later, since he presented poor glycemic control, he started being treated with NPH insulin (0.2 UI/ kg). After 4 years with the same low dose of NPH insulin, a detectable basal C-peptide and a good glycemic control with insulin (HbA1c: 6%), his treatment was changed to glimepiride and metformin, since he presented some hypoglycemic episodes during these years. Nowadays he presents good glycemic control using glimepiride 6 mg/ day and metformin 2 g/day (HbA1c: 6.6%), and fewer episodes of hypoglycemia. The only comorbidity is hypertension and it is well controlled with nitrendipine 20 mg/ day, losartan 100 mg/day, and atenolol 25 mg/day and the major causes of secondary hypertension were excluded (Cushing's syndrome, pheochromocytoma, primary hyperaldosteronism, and renal-artery stenosis). He never had diabetic ketoacidosis and was negative for anti-GAD and anti-IA-2 autoantibodies.
The patient's mother (BMI: 19.9 kg/m 2 ) was diagnosed with diabetes at the age of 23 years with a mean fasting glucose of 330 mg/dl and since then, she had been on basal insulin therapy (mean fasting glucose: 113 mg/dl; HbA1c: 9.4%). She developed diabetic retinopathy and nephropathy. The index case's sister (BMI 18.9 kg/m 2 ) was diagnosed with accidental hyperglycemia at the age of 26 years, with mean fasting glucose of 250 mg/dl; During the first 2 years she was initiated with NPH insulin, then | 3 of 6 ABREU Et Al.
with gliclazide 30 mg/day and lastly, with 29 years, her glucose levels were managed only with low-carbohydrate diet and exercise (mean fasting glucose: 97 mg/dl; HbA1c: 6.2%; C-peptide: 2.3 ng/ml). To this moment, the index case and his family members did not present neurological abnormalities. F I G U R E 1 NEUROD1 mutations previously identified in diabetic patients and the novel p.Phe256Leufs*2 mutation. (a) Diagrammatic representation of NEUROD1 and NEUROD1 protein structure. NEUROD1 presents two exons, being exon 1 noncoding. NEUROD1 protein contains two domains: basic helix-loop-helix domain, which is divided in basic adjacent, helix 1, loop and helix 2; and transactivation domain, which has two activating domains (AD1 and AD2). Arrows indicate the position of mutations described in the literature and in this study (bold). (b) Electropherograms of NEUROD1 exon 2 wild type (above) and p.Phe256Leufs*2 identified in the patient DM24 (below). (c) Alignment of NEUROD1 across species shows amino acid 256 (in red) evolutionary conserved across species 
Xenopus tropicalis
Homo sapiens mutated AD1 AD2
Ala Leu Glu Pro Phe P he Glu S er Pro Leu Thr Asp Cys
Ala Leu
Glu P ro Leu Ter* The mutation p.Phe256Leufs*2 was not present in the proband's brother, a normal weight (BMI: 23.14 kg/m 2 ) man of 31 years. Levels of glucose and HbA1c were 113 mg/dl and 5.6%, respectively.
| DISCUSSION
The genetic diagnosis of MODY in Brazil has been mostly limited to GCK and HNF1A, after a selection for testing guided by clinical criteria (Giuffrida et al., 2017) . For this reason, rare forms are poorly studied. In this work, we screened all coding region of NEUROD1 in patients with clinical phenotype of monogenic diabetes, negative for mutations in GCK, HNF1A, HNF4A and HNF1B.
After almost two decades past from the initial report of NEUROD1-MODY (Malecki et al., 1999) , only a small numbers of Asian and European families were identified (Ağladıoğlu et al., 2016; Ang et al., 2016; Chapla et al., 2015; Doddabelavangala Mruthyunjaya et al., 2017; Gonsorčíková et al., 2008; Horikawa et al., 2018; Kristinsson et al., 2001; Liu et al., 2007; Szopa et al., 2016) . In these populations, NEUROD1 mutations range from low frequencies as in Poland (0.64%; Szopa et al., 2016) to high frequencies as in India (7.14%; Chapla et al., 2015) . In our study, we found a frequency of 4%, similar to that observed in Turkish (4.65%; Ağladıoğlu et al., 2016 ; Table 1 ).
So far, 20 index cases with monogenic diabetes were previously reported with heterozygous mutations in NEUROD1 and the data collection shows an average age of diagnosis (AOD) of 23.37 ± 9 years (ranging 10-40 years), similar to our patient's AOD (25 years). The treatment varied among patients, the use of oral hypoglycemic agents (OHA) was the most frequent (36.8%), followed by insulin (31.6%), OHA + insulin (21.1%) and diet (10.5%). Interestingly, all probands with frameshift mutations were treated with insulin (Table 1) .
NEUROD1 is a transcription factor expressed in pancreatic cells (Naya et al., 1997) , and mutations that cause a disturbance in this protein lead to the hyperglycemia that was observed in all index cases. It is also expressed in neuronal cells (Naya et al., 1997) , which could explain the neuronal manifestations observed in two patients with p.Pro197His mutation in heterozygosity described with pituitary hypoplasia, growth hormone deficiency and epilepsy (Ağladıoğlu et al., 2016) . Mental retardation was observed in a female patient and her mother, both carrying p.Pro245Argfs*17 (Horikawa et al., 2018) . Besides, Rubio-Cabezas et al. (2010) identified two probands with p.Asp-122Glyfs*12 and p.Leu143Alafs*55 frameshift mutations in homozygosity leading to the syndrome of permanent neonatal DM (PNDM) and neurological abnormalities including developmental delay, sensorineural deafness, and visual impairment (Rubio-Cabezas et al., 2010) . Demirbilek et al. (2018) recently described a novel case of PNDM in a 13-year-old girl with a homozygous missense mutation (p.Ile150Asn) showing a similar clinical presentation from the previously reported PNDM cases (Demirbilek et al., 2018; Rubio-Cabezas et al., 2010) .
Additionally, Horikawa and Enya (2019) observed that there are two times more affected female patients than affected male patients among the cases described and that the majority of the cases inherited the mutation from their mother, which was also observed in this study. Further analysis on the pathophysiology of NEUROD1 will help to clarify the reason of this discrepancy in an autosomal disease (Horikawa & Enya, 2019) .
To the best of our knowledge, this is the first case reported to have a NEUROD1-MODY mutation in a Latin American cohort. The novel p.Phe256Leufs*2 mutation in the activating domain 1 has similar structural effects in the protein as those caused by the first reported p.His206Profs*38 mutation (Malecki et al., 1999) . It leads to the loss of 60% of the transactivation domain, and likely that p.His206Profs*38, probably has a compromised biological activity since the transactivation domain is required for the ligation of NEUROD1 with the coactivator p300 (Qiu, Sharma, & Stein, 1998) . The majority of mutations found in NEUROD1 associated with monogenic diabetes (13 cases [54.2%]) is located in the transactivation domain, comprising four frameshift mutations (Horikawa et al., 2018; Malecki et al., 1999) and three missense mutations (Ağladıoğlu et al., 2016; Ang et al., 2016; Chapla et al., 2015; Doddabelavangala Mruthyunjaya et al., 2017; Gonsorčíková et al., 2008 ; Figure 1 ).
This study has some limitations. First, our sample size was small and may not show the real frequency of NEUROD1 mutations as cause of monogenic diabetes in our population. In addition, we did not analyze the possible presence of copy number variations that could also be compromising NEUROD1 function and would not be observed in our sequencing method.
| CONCLUSION
In conclusion, we described a Brazilian family with a novel mutation in NEUROD1 segregating with diabetes in an autosomal dominant pattern of inheritance.
